A soybean based coating with thermally responsive Diels-Alder linkages has been prepared following an automotive 2-component formulation. The resulting coatings displayed the capability to be healed following physical deformation by a thermal stimulus, and such a material has significant potential for end users. Various curing agents were employed, and resulted in variation of scratch resistance and re-healablity. Different thermally responsive soybean resins were synthesized to have varying amounts reversible and nonreversible linkages when incorporated into the coating. Additionally, different isocyanates were added at differing ratios of NCO : OH in search of the optimum coating. It was found through the analysis of rehealability, hardness, gloss, and adhesion that the optimal combination was an acetylated resin (no irreversible crosslinks) with 54% reversible Diels-Alder linkages at an NCO : OH ratio of 5 : 1 using isophorone diiscocyanate. Materials were evaluated via differential scanning calorimetry (DSC), scratch resistance, Koenig hardness, gloss measurements, and topographical analysis.
Introduction
The development of petroleum substitutes is sought aer due to the diminishing reserve of fossil fuels. One promising alterna tive to petroleum is found by extracting oils from plants. In particular, the use of vegetable oils is favorable because they have been recognized as sustainable and biodegradable mate rials which could contribute to a reduction in global warming effects. 1 Vegetable oils are a precursor to many polymeric materials, 2 lubricants, 3 polyols, 4 and rigid polyurethane foam. 5 A benet to using vegetable oil as a raw material is that unsaturated oils like soybean or linseed oil can be easily epoxidized via peracid oxidation. 6 The ring strain created from the three-membered ring epoxides makes them very electrophilic and thus many other compounds can be readily attached to epoxidized oil. In particular, alcohols, amines, thiols, and carboxylic acids can react with an epoxide.
Soybean oil, like other vegetable oils, can be prepared into resin for various coatings such as epoxy and polyurethane. Soybean oil is a triglyceride molecule composed of linoleic, oleic, palmitic and a small amount of linolenic and stearic acid. 1 the appropriate modication and viscosity, soybean oil resin can provide rigidity and strength comparable to chemical resin. 2, 7 This epoxidation of soybean oil is relatively easy and can obtain 90% conversion and selectivity. Gerbase has shown that epoxi dized soybean oil has impeccable properties with thermal stability up to 300 o C and also found that the T g and hardness increase with a higher number of epoxy groups in soybean oil. 3, 8 Opening epoxidized soybean oil with an acid is the most common way to make a soybean-based polyol. 9 Other molecules such as organic and inorganic acids, alcohols, water or hydro genation can be used to open the epoxide. 5 Aer epoxidation and subsequent opening of the oxirane with an organic acid, a molecule of soybean oil on average has 4.4 hydroxyl groups upon it. Depending on the substituent attached to the organic acid one can also change physical properties such as T g . 6 The use and development of "click" chemistry has grown tremendously. 10, 11 In particular, Diels-Alder chemistry 12, 13 has been extensively utilized because of its simplicity and the introduction of a thermally responsive linkage, which can add further functionality to materials. Our research group and others have exploited the use of Diels-Alder chemistry to prepare thermally responsive materials, such as polymeric phase change materials, 14 foams, 15 dynamic surfaces, 16 hybrid materials [17] [18] [19] [20] and rehealable polymers. [21] [22] [23] [24] [25] The goal of this project is to generate soybean-based resin with thermally responsive Diels-Alder linkages. This resin can be incorporated to polyurethane two-component automotive formulations to prepare thermally responsive coatings.
Experimental

Methods and materials
All materials were purchased from commercially available sources. 1 H NMR spectra were recorded on a 300 MHz varian instrument in d-acetone, d-DMSO, or CDCl 3 . Chemical shis, d (ppm), were referenced to the residual solvent signal. Soybean oil derivatives are analogous to previously reported materials. 7
Synthesis of phenolic maleimide (1)
To a 1000 mL Erlenmeyer ask equipped with a magnetic stir bar was added 4-aminophenol acid (44.5 g, 400 mmol) followed by acetone (500 mL) and the mixture was stirred at room temperature. In a 500 mL beaker, maleic anhydride (40 g, 400 mmol) was dissolved in acetone (300 mL). This mixture was then slowly added to the Erlenmeyer ask and a yellow precipitate formed which was isolated by vacuum ltration and washed with acetone. The product was added to a 300 mL round bottom ask equipped with a magnetic stir bar followed by DMF (50 mL). To a 150 mL beaker equipped with a stir bar was added DMF (70 mL), followed by phosphorus pentoxide (21 g, 140 mmol) and fuming sulfuric acid (9 g, 91.8 mmol) (weighed out in a 10 mL graduated cylinder), and additional DMF (20 mL) which was used to rinse the sulfuric acid from the graduated cylinder into the beaker; this mixture was then added to the 300 mL round bottom ask which was sealed with a rubber septa and allowed to stir at 70 o C for 24 h. The resulting viscous black liquid was then poured into a 4 L beaker containing ice water (3 L), precipitating a ne yellow powder that was isolated by vacuum ltration (55 g, 65% yield). 1 
Synthesis of 4-(furfuryl oxycarbonyl) butanic acid (2)
To a 500 mL round bottom ask equipped with a magnetic stir bar was added succinic anhydride (5.00 g, 49.9 mmol) followed by a catalytic amount of dimethylaminopyridine (DMAP) (0.300 g). Toluene (115 mL) was then added and the solution was reuxed at 120 o C until the succinc anhydride and DMAP dissolved. Furfuryl alcohol (4.90 g, 49.9 mmol) was then added and the solution was allowed to stir under reux for 24 h The toluene was then evaporated under vacuum leaving a dark residue which was dissolved in diethyl ether (100 mL) and washed with HCl (2.5%, 100 mL, 1x). The ether layer was collected and dried with magnesium sulfate, ltered and evaporated under vacuum yielding a dark liquid product (8.96 g, 90% yield). 1 H NMR: d (ppm) 7.45 (1H, s), 6.4 (1H, d), 6.35 (1H, t), 5.5 (2H, s), 2.15 (4H, m).
Synthesis of epoxidized soybean oil (ESBO)
SBO (50.0 g, 54.7 mmol) was added to a 250 Erlenmeyer ask equipped with a stir bar followed by the slow addition of formic acid (16.65 g, 361.7 mmol) and cooled to 0 o C. Hydrogen peroxide solution (30%, 65.45 g) was then slowly added to the ask and allowed to stir for 24 hours at room temperature. Et 2 O (100 mL) was then added to the ask to dissolve the oil and Paper separate it from the aqueous peroxide/acid solution, which was removed and discarded and the ether layer was transferred to a 500 mL Erlenmeyer ask. Saturated sodium bicarbonate solution (50 mL increments) was then carefully added to the ether solution until gentle shaking of the mixture ceased to produce gas. The aqueous layer was then separated and discarded and the ether solution was washed with D.I. water (50 mL). The ether solution was then dried over magnesium sulfate and the ether was evaporated under vacuum yielding a clear, very slightly yellow colored oil (48 g, 88% yield). 1 H NMR conrmed the epoxidation by the appearance of epoxide peaks at d (ppm) 2.85, 2.95 and 3.1 and the disappearance of alkene peaks at d (ppm) 5.3.
Synthesis of furan soybean oil (FSBO)
ESBO (14.8 g, 15 mmol) was added to a 250 round bottom ask equipped with a stir bar and 2 (23.7 g, 120 mmol). The mixture was reuxed at 100 o C for 24 hours. The mixture was cooled and dissolved with Et 2 O (200 mL) before washing with saturated NaHCO 3 (x2, 150 mL) The organic layer was separated, dried with anhydrous sodium sulfate and ltered. Excess solvent was removed via rotary evaporation to yield a dark viscous oil (20.2 g, 76%). Structure conrmed via 1 H NMR: d (ppm) furan peaks at d (ppm) 6.35, 6.4, and 7.4.
Acetylation of furan soybean oil (Ac-FSBO)
To a 500 mL round bottom ask equipped with stir bar, FSBO (17.8 g, 10 mmol) was added followed with acetic anhydride (4.2 g, 41 mmol), triethylamine (4.4 g, 43 mmol), and THF (25 mL). The mixture was then reuxed at 70 o C for 24 hours. The mixture was cooled and THF was removed via rotary evap oration, before Et 2 O (100 mL) was added followed by washing with brine (x2, 150 mL). The organic layer was separated, dried with anhydrous sodium sulfate and ltered. Excess solvent was removed via rotary evaporation to yield a dark viscous oil (16.2 g, 83%). Structure conrmed via 1 H NMR: d (ppm) by a new peak at d (ppm) 2.05. 
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Typical synthesis of thermally-responsive soybean oil (TR SBO)
Ac-FSBO (18 g, 9.3 mmol) was added to a 500 mL round bottom ask equipped with a stir bar followed by 1 (7 g, 37 mmol) and THF (75 mL). The reaction mixture was stirred at 50 o C for two days. Solvent was removed under reduced pressure yielding a black viscous oil (21.6 g, 85% 
Control panel preparation
A control coating without reversible crosslinks was made using FSBO as a polyol and using IPDI as an isocyanate to compare properties. Formulation of the coatings followed the previous procedure. Five different panels were prepared and the proper ties of the coating were also analyzed the same way.
Crosscut adhesion test
The adhesion testing followed ASTM D3359 and used a BYK crosscut test kit to make the crosscut. Scotch 3M no. 897 strapping tape was used for the pull-off portion of the test.
Hardness
The pendulum hardness test was used to compare the effect of retained solvents on the hardness of the lm. A Byk Gardner pendulum hardness tester was used in the Konig mode. This mode measures the time taken for the pendulum amplitude to decrease from 6 o to 3 o . Each coating's hardness was measured every two days over a 20 days period. Three data points were obtained for each panel.
Gloss measurement
Gloss measurements were taken as an average of three data points across the panel using a BYK Gardener Micro-TRI-Gloss gloss meter at a 60 o angle. Variation of less than 3% were typically observed. ASTM D523-08 was followed for gloss measurements. The rst measurement was taken aer the coating had dried for four days. Then, the same panel was damaged using a mallet. A piece of sand paper was attached to the mallet to act as an abrasive component. A 3 kg weight on top of the mallet was added to maintain the amount of force applied to the panel. The mallet, sand paper, and weight combination were run across the panel three times. The second measure ment of gloss was then recorded. The same panel was then heated for 30 seconds using the heat gun and cooled for 30 seconds. The heat gun reached a peak temperature of 95 o C aer 30 seconds. A third measurement of the panel was taken to measure the gloss aer heating. The same process was done every four days up to a 20 days period. The best coating panels were also chosen to damage at the same site a second time to determine how the gloss changed with a second heating.
ImageJ analysis
The panel was horizontally cut with the Byk crosscut blade. The cut area was then scanned and the picture analyzed using ImageJ soware. The cut area of the same panel was heated with the heat gun for 30 seconds and cooled for 30 seconds. The panel was again scanned and analyzed with ImageJ soware. ImageJ was able to measure the intensity and the distance between each cut before and aer heating.
Results and discussion
TR-SBO: synthesis and initial characterization
Following previously developed methodology, soybean oil was treated with formic acid and hydrogen peroxide to introduce epoxide functionality. 7 Initial efforts attempted to introduce Diels-Alder functionality by opening the epoxide with 2-furoic acid. While this reaction was successful, the subsequent reaction with phenolic maleimide to prepare the Diels-Alder was not. Standard Diels-Alder reactions require an electron-rich diene and an electron-poor dieneophile. The placement of the carboxylic acid directly upon the furan ring deactivates it and inhibits the Diels-Alder reaction. This phenomenon has been previously reported. 14 
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Scheme 1 illustrates the methodology utilized to prepare thermally-responsive soybean oil (TR-SBO). To maintain an electron-rich furan with a carboxylic acid functionality, furfuryl alcohol was treated with succinic anhydride in the presence of catalytic dimethyl aminopyridine (DMAP) to yield compound 2, Scheme 2. This reaction was able to be conducted in high yield and throughput with minimal workup. Employing 2, ESBO was easily functionalized and diene functionality was introduced to yield furan-soybean oil (FSBO). Upon opening of the epoxide, a latent alcohol functional group is created, and can be manip ulated to alter the properties of the lm. By leaving the alcohol functionality, a mixture of reversible (Diels-Alder crosslinks) and non-reversible crosslinks are present, which will dictate how the lm reheals. Alternatively, FSBO was treated with excess acetic anhydride to acetylate the secondary alcohols preparing acetylated-furan soybean oil (Ac-FSBO), which will only contain reversible crosslinks. Finally, both FSBO and Ac-FSBO were treated with various equivalents of 1 to incorpo rate Diels-Alder adducts upon the soybean oil backbone to yield thermally-responsive soybean oil (TR-SBO). The variation in Diels-Alder adducts will manipulate the crosslink density of the 
Polymer Chemistry Fig. 4 Pictographs of TR-SBO topcoat resins (Sample 4) after crosscut. Analysis was conducted 7 days after film was initially prepared.
Drawdowns were prepared with a 10 mm BYK draw down bar upon stainless steel plates. Cross cut analysis followed ASTM D3359 and used a BYK crosscut test kit to make the crosscut. Scotch 3M no. 897 strapping tape was used for the pull-off portion of the test. The test was done on day six aer the coating had cured. Fig. 4 displays images of panels with various curing agents and ratios of NCO : OH for TR-SBO materials with only reversible resin crosslinks. Common coating formulations employ excess isocyanate to increase lm hardness and adhe sion. IPDI displayed the highest adhesion regardless of the NCO : OH ratio. Desmodur and HMDI contain only primary isocyanates while IPDI contains a primary and secondary isocyanate, indicating that the speed of the reaction will inu ence the adhesion of the lm to the substrate. IPDI also displayed the highest hardness of three curing agents, Fig. S2 . † We hypothesize that faster curing lms have decreased lm and will inuence how well the lm is able to reheal. Previous efforts have demonstrated that 100% recovery of Diels-Alder linkages is unlikely to occur during rehealing because the formation of new crosslinks can disrupt the orientation required for adduct formation. 14, 24 By employing an excess of a functional group, the likelihood that the lm will return to its initial crosslink density should increase. In the proposed system, a resin with 50% Diels-Alder linkages will have a 50% excess of furan functional groups. The initial lm will have a number of dangling chain ends, but during thermal treatment, Diels-Alder adducts will be more likely to reform and lm will maintain a constant number of dangling chains, Fig. 1 . To demonstrate the reversible nature of the Diels-Alder link ages within the resin, TR-SBO was treated with isophorone dii socyanate (IPDI) in a one to one molar equivalency of NCO : OH to yield cured plaques. As a control, FSBO was also cured into plaques with IPDI in a one to one molar equivalence of NCO : OH. Fig. S1 † displays images of the prepared gels in DMF aer 24 h at RT indicating that the materials are well cured and insoluble. Aer heating at 120 o C for 24 h, TR-SBO plaques have completely dissolved due to cleavage of the Diels-Alder linkages while the control plaques remained intact. To demonstrate the repeatability of this process, TR-SBO was placed into a scintilla tion vial and heated. As seen in Fig. 3 , the TR-SBO easily owed upon exposure to thermal stimulus and upon removal of the heat, Diels-Alder linkages reformed and the physical integrity of the plaque was reinstated. The vial was then rotated and the experiment repeated indicating the reversibility and repeatability of cleaving and reforming Diels-Alder linkages.
TR-SBO lms: curing agent, hardness and adhesion
TR-SBO resins were then incorporated into a standard 2 component automotive topcoat polyurethane coating system. This journal is © The Royal Society of Chemistry 2014
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Polymer Chemistry Paper Fig. 6 Pictographs of TR-SBO topcoat resins after crosscut. IPDI was employed as a curing agent for all films. Analysis was conducted 7 days after film was initially prepared. development of an ideal coating. While non-acetylated resins displayed increased hardness, they also displayed poor adhesion.
TR-SBO lms: rehealability
Finally, rehealability experiments were conducted by deform ing a lm via crosscut or abrasion follow by a 30-90 s exposure to heat gun on high. A peak temperature of 95 o C was reached aer 30 seconds. Care was taken to evenly heat the substrate as much as possible to avoid any type of degradation. Fig. 7 displays time lapse images of lms during exposure. The TR SBO containing lms exhibit rehealability by owing aer deformation. The control lm does not demonstrate any response to thermal stimulus. While this approach provides qualitative analysis, a quantitative approach was desired and gloss measurements were utilized following ASTM D523-08. Gloss is a measurement of the reection of incident light.
Smoother surfaces will result in specular reection, while opportunity to interact with the substrate and result in decreased adhesion. Upon recognizing IPDI as a superior curing agent, the ratio of NCO : OH and the percentage of Diels-Alder adducts present were explored. As previously mentioned higher NCO : OH ratios result in harder lms which can be observed in Fig. 5 as expected. Fig. 5 also examines the effect of Diels-Alder adducts within the resin. As expected, by decreasing the number of Diels-Alder adducts the number of dangling chains within the matrix increase, which lowers the hardness of the lm.
Next, the effect of reversible and non-reversible resin crosslinks were investigated by employing non-acetylated soybean oil resins. As expected, the non-acetylated displayed harder lms, Fig. S3 . † By increasing the crosslink density, the hardness of the lms increased. Fig. 6 compares crosscut analysis of lms with and without non-reversible linkages and with various concen trations of Diels-Alder adducts. For these samples, IPDI was employed in a one to one NCO : OH ratio. Here, the acetylated resins displayed improved adhesion. The non-acetylated resins cure faster resulting in decrease substrate interaction and poor adhesion. By decreasing the content of the Diels-Alder adducts, the curing rate is decreased which improves adhesion. These results illustrate the need to balance multiple properties in the Fig. 7 Pictographs of control film (FSBO) and TR-SBO topcoat resins (Sample 4) prepared with various curing agents after deformation and repeated exposure to thermal treatment. IPDI was employed as a curing agent for the control film of FSBO. Analysis was conducted 3 days after film was initially prepared. Fig. 9 Gloss measurements of TR-SBO topcoat resins (Sample 5) prepared with IPDI and various NCO : OH ratios after deformation and exposure to thermal treatment.
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Polymer Chemistry Fig. 10 ImageJ analysis of control film (FSBO) and TR-SBO topcoat resin (Sample 5) using IPDI as a curing agent in a five to one NCO : OH ratio. Analysis was conducted 12 days after film was initially prepared.
rough surfaces will result in diffuse reection. Here, an initial measurement was collected. The lm was damaged in a repeatable fashion, and gloss was recorded again. For TR-SBO lms, damaged substrates were exposed to a heat gun for 30 s and then a nal gloss measurement was taken. Fig. 8 displays gloss measurements of four different samples varying the curing agent and the resin. There are three main observations from this analysis. First, the control sample does not display rehealability. Second, TR-SBO resin exhibited a huge increase in gloss aer rehealing regardless of the curing agent. Third, initial gloss measurements can vary greatly based upon the curing agent. We hypothesize that the variation in curing rate caused by the different curing agents creates a non-uniform surfaces which decrease gloss. Aer thermal treatment, a more thermodynamic surface equilibrium is reached and gloss increases. Considering previous experimental data, IPDI was chosen as the curing agent. Fig. 9 displays gloss measurements for various NCO : OH of IPDI for 54% Diels-Alder. Fig. S4 † displays gloss measurement for 100 and 30% Diels-Alder. In all cases, it shows that increasing the NCO : OH ratio increases the initial gloss measurement. It also indicates that excess furan Fig. 11 Gloss measurements of control film (FSBO) and TR-SBO topcoat resin (Sample 5) prepared using IPDI as a curing agent in a five to one NCO : OH ratio. Analysis was conducted 12 days after film was initially prepared.
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increases Diels-Alder formation by the larger increase in gloss observed when comparing 30, 54 and 100% Diels-Alder adducts. As previously discussed, network formation can inhibit orientation required for Diels-Alder formation. By increasing the concentration of furan functional groups within the resin, it appears to increase the formation of Diels-Alder adducts aer thermal treatment as seen by the increase in gloss measurement, Fig. 1 . In the 100% Diels-Alder samples, there are a minimum number of dangling chains present within the matrix. Aer thermal treatment, reformation of all Diels-Alder linkages is unlikely, resulting in a net increase in the number of dangling chains present in the matrix. In the 54% Diels-Alder samples, the initial amount of dangling chains present is larger than the 100% Diels-Alder sample. But aer thermal treat ment, the excess furan functionality increases Diels-Alder formation and results in a zero net change of dangling chains within the matrix. Aer considering the balance of curing rate, hardness, initial gloss and rehealability an optimum formula tion was determined to by an acetylated TR-SBO with 54% DA and IPDI as the curing agent.
To further quantify the rehealability of the lm, ImageJ analysis was utilized to measure the topographical outline of lm before and aer rehealing occurred. The observed intensity is related to the contrast of the substrate versus the sample. Aer deformation of the lm, the aluminium substrate is exposed which can be observed as contrast. The peak intensity relate to the cracks in the lm. As seen in Fig. 10 , the control sample displays an identical topography before and aer exposure to a thermal stimulus, whereas the TR-SBO lm, displays a great decrease in the surface roughness aer thermal treatment. Fig. S5 † displays pictographs of the lm before and aer thermal treatment. Fig. 11 displays gloss measurements aer repeated defor mation and healing. Deformation of the control lm results in catastrophic loss of gloss. Aer thermal treatment, the TR-SBO lm is able to reclaim initial gloss aer repeated damage.
